INTRODUCTION
Ultrasonic non destructive testing needs large focusing apertures in order to detect small defects in solid media. Current ultrasonic inspections use scanned immersion techniques. In recent years, two different approaches have been extensively studied in order to obtain focused beams through non-planar liquid-solid interfaces. The first technique uses one or several transducers whose geometry is matched to the liquid-solid interface and to the desired focal point. The second technique is based on the combination of a multi-elements array and on a set of electronic delay lines whose values are matched to produce focusing. These two techniques suffer from important limitations. They are based on an exact a priori knowledge of the interface geometry and require highly precise positioning of the defect.
A novel and completely different approach to focusing on defects beneath curved surfaces is presented in this paper. This technique is self adaptive and only needs the presence of a defect in the sample of interest. In the time reversal process, the pressure field reflected by a defect is detected with a set of transducer elements and is digitized and stored during a time interval T. The detected pressure fields are then resynthetized and transmitted by the same transducers in a reversed temporal chronology (last in, first out). Such a Time Reversal Mirror (T .R.M.) allows conversion of a divergent wave issuing from a defect into a convergent wave focusing on it. Unlike an ordinary mirror which produces a virtual image of an acoustic object, the T.R.M. produces a real acoustic image at the position of the initial source. It is achieved in real time, with simple signal processing; it is a natural focusing process matched to the defect shape and to the geometry of the liquid-solid interface. Another very attractive feature of time reversal processing is its speckle noise reduction capability.
We explain all the data processing developed in our laboratory and present experimental results obtained on duralumin sample. They demonstrate the ability of time reversal to compensate the distortions induced by complex liquid-solid interfaces.
. The basic theory of the time-reversal process is based on an elementary property of wave equation in a lossless medium. The wave equation is a partial differential equation where the time derivative appears only at the second order. Indeed, the acoustic pressure field p(r,t) satisfies the wave equation in a homogeneous fluid with constant velocity c :
In the case of an isotropic solid immersed in a fluid, the acoustic field is described in the solid by the acoustical displacement u(r,t), according to the equation:
where A.,1l are the Lame coefficients and Ps the solid density.
In (1) and (2), the propagation equation contains only a second-order time-derivative operator: thus, ifp(r,t) and u(r,t) are solutions of(1) and (2), then p(r,-t) and u(r,-t) are also solution of the same equations. Moreover, p(r,t) in the fluid and u(r,t) in the solid are linked by stress and strain continuity relations at the fluid-solid interface that determine the unique solution p(r,t) for the field in the medium. We take advantage of this property to achieve optimal focusing of a pulsed wave on a point-like reflector located in a solid sample immersed in fluid medium [2] [3] . Let u(r,t) represent the acoustic displacement in the solid and p(r,t) the resulting pressure field in the fluid that propagates from a single point source located in a solid. The optimal way to focus on this source consists in a time reversal of the pressure field in the whole 3-D volume, generating p(r,-t) in the fluid and thus u(r,-t) in the solid (Figure 1 ). Using the Huygen's principle, we reduce the time reversal operation from a 3-D volume to a 2-D closed surface, resulting to the concept of a closed time reversal cavity [4] . However, a closed cavity is difficult to realize experimentally. A compromise consists in applying the time reversal process to a portion of the cavity such as a 2-D piezoelectric array located in the fluid medium in front of the solid sample. Such a Time Reversal Mirror (T .R.M.) works as a three-step process. The first step consists in transmitting a pulsed wave to the solid sample from some transducers of the array. The pressure field p(ri,t) (1 <i<N) scattered by a point-like target in the solid sample is then detected with the N elements of the array ri, same transducers in a reversed temporal chronology (last in, first out). This is equivalent to the transmission ofp(ri,T-t). Such a mirror approximately realizes the backpropagation of the field to its initial source, and thus focuses on the target in the solid.
EXPERIMENTAL RESULTS IN NDT The Prototype
Experimental data on Time Reversal Mirrors have been obtained with a real time electronic prototype made of 128 channels working in transmit-receive mode. The transmission module is made of 128 programmable transmitters. Each programmable transmitter is driven by a 32 Kbytes buffer memory through 12 bits D/A converter working at a 40 MHz sampling rate. Each converter is followed by a linear power-amplifier. The transmitter delivers a 30 V peak-to-peak voltage to a 50 n transducer impedance. In the transmit mode, the 128 transmitters work simultaneously and are connected to 128 elements of a 2-D transducer array.
Two steps are required in the receive mode: amplification and AID conversion. We use a set of 16 AID converters through a multiplexer, so that recording a complete set of Alines requires 8 consecutive emissions. A set of 16 logarithmic amplifiers allows the recording of a 90 dB instantaneous dynamic range through the 16 AID converters. Recorded data are digitized at a sampling rate of 40 MHz with a 10-bit dynamic range. Exponentation of the data is made in each buffer memory to compensate the logarithmic operation before time reversal. A PCI AT computer controls the time reversal process and the matching of the dynamic range between the receive and the transmit mode. The prototype allows a complete time reversal operation in less than 10 ms and different arrays were designed for these experiments.
NDT experiments are performed with a 2-D array working at 5 MHz. It is spherically prefocused with a radius of curvature made of330 mm; it contains 121 elements. The central element is a disk of diameter 5mm and the others are annular sector elements. The transducers are distributed according to a six annuli structure of respectively 1, 8, 16,24,32 and 40 elements. Each element of the array is electrically matched to a 50 n load with a LC matching network. The total aperture is equal to 60 mm. The entire titanium block and the Time Reversal Mirror are immersed in a tank of water.
The Experimental Procedure
We report in this section the ability of the time reversal technique to detect defect located beneath a prismatic interface. This defect is a flat bottom hole of 2 mm diameter located at 40 mm below the prismatic angle of a duralumin block. The array transducer is positioned over the prismatic angle ( Figure 2 ).
The basic time-reversal process requires four steps: two transmitting steps and two receiving steps.
Transmitting step # 1 : the first incident pulsed wave is transmitted from the liquid towards the solid by one (or more) element of the array. In this first transmission, the array sends unfocused acoustic energy into the material. For this sample, only the central element transmits a pulse wave towards the solid.
Figure 2. Configuration of the duralumin sample test
Receiving step # I : the echoes coming from the block are measured by the same 2-D array on all the transducers. For each one, the corresponding discrete signal is recorded in a storage memory. If a defect is present in the illuminated volume, it behaves as an acoustic source and reflects a small amount of the transmitted energy. Figure 3 -a shows the recorded data in grey level for the 121 elements. Data are presented in B-Scan mode, where the horizontal axis represents time (depth) and the vertical axis the transducer number. They correspond to the logarithmic envelope of the individual echographic signals received on the 121 elements of the array.On the B-Scan, we can see the echoes coming from the the complex shape of the front and back faces of the block. Between these high amplitude echoes, we note the speckle noise induced by the microstructure. We can also notice that only few transducers receive enough energy coming from the defect. The fraction of the incident sound reflected depends on the magnitude and abruptness of the impedance contrast, and on the size and shape of the defect.
Transmitting step # 2 : during this step, we choose the origin and temporal length of the signals to be time-reversed. This is achieved through the definition of temporal windows identical for all the transducers, each window corresponding to a given depth of inspection in the material. The depth of inspection is known by measuring the propagation time of the acoustic pulse as in conventional ultrasonic inspection. We have chosen for the experiment a 2 ~s duration time reversal window.
Receiving step # 2 : the new echoes coming from the sample are recorded. We note the discrete signal measured by one element for the reception 2. If the time reversal window previously selected contains signals of a defect, the resulting time reversed wave refocuses naturally on it. The defect is now strongly amplified since the whole transmitted energy has illuminated the defect and so it is easily detected. The B-Scan presentation of the reception 2 presents a high level complex shape wavefront which corresponds to the defect echo. After time reversal the signal to noise improves significantly, and the defect is easy detected (FigA-a).
We can iterate this time reversal process. We have noticed that the second emitted wave of time reversal process can be used as the first emitted wave of the next time reversal process. This operation can be repeated in an iterative loop for increase the signal to noise ratio.
The Data Presentation
The incoherent summation: A more compact presentation of the time reversal process can be implemented, by adding all the 121 logarithmic envelopes of the received signals. This sum generates a single array output. As the individual data are not in phase, this process is called « incoherent summation ».This summation can be implemented fastly, but it is not an optimal processing because the received signals are not usually in phase. In the sample case, this technique allows to show rapidly the defect. Indeed, the reception 1 (Figure 3-a) presents a peak amplitude which reaches only 2 dB over the background noise level and the reception 2 (Figure 4-b) presents a 30 dB signal to noise ratio.
The coherent summation and the Fermat surface: The total output signal can be improved significantly by correcting the individual signals for the differences in arrival times. A summation of all the shifted individual signals is performed to obtain a single combined signal for the array. Such a time compensating process corresponds to a coherent summation and allows to increase the echo level.
A cross-correlation algorithm can be used to determine the time shifts between the individual echoes [5] . This algorithm presents two drawbacks: it requires to store all the individual signals and it is time consuming. We have developed a simpler and quicker algorithm to measure the time delays. This algorithm needs a complete time reversal sequence and uses the symmetrization property of the time reversal process. Indeed, we have observed that, after one time reversal process, the received signals on the array become symmetrical. This symmetrization property is due to the fact that a time reversal process is equivalent to a matched filter [3] . From this property, we have developed this new algorithm. In this technique, the time delays are determined by finding the position of the peak amplitude of the symmetric received signals. As the signal becomes symmetric after one time reversal process, the location of the maximum pressure becomes precise and easy. This algorithm is simpler and quicker than the cross-correlation method; it only needs to store the positions of the maximum pressure. The location of the 121 maximum allows the determination of a curve which represents an ideal wavefront coming from the defect. Such a wavefront is a very good approximation of the Fermat surface needed to refocus on the defect from the transducer array ( Figures 5 a, b, c) .
The coherent summation is much more efficient than the incoherent one. The linear coherent summation ( Figure 6-b ) of the echo defect ( Figure 6-a) gives a spectacular result, the defect signal has a greater amplitude than the back face echo (10 dB), and the signal to noise ratio is 50 dB. We have reported on different time reversal procedures applied to the defect detection in titanium : incoherent or coherent summation. A comparison between the incoherent procedure and the classical electronic focusing method is presented with C-Scan images (Figure 7) . All the C-Scan were carried out using the time reversal prototype and the 2-D array described above. The 2-D array was mounted on an vertical axis (Z axis) with two lateral degrees of freedom (X and Yaxis). The lateral position of the 2-D array above the sample was under computer control for scanning operations with the waterpath fixed at 70 mm in order to locate the focal spot around the defect.In classical electronic focusing method, all the transducer elements operate in parallel, both in transmit and receive modes, to achieve a high focusing at the geometrical focus of the 2-D array (330 mm of water). At each position of the 2-D array the 121 signals received are coherently summed. To obtained the C-Scan image we only report the maximum of this resulting signa1.During the inspection achieved in real time with the Time Reversal Mirror, only one data point of the timereversed window is recorded for each position of the 2-D array in front of the solid. This data is the maximum of the incoherent summation.
The results are obtained in a very noisy forged titanium sample, where a 0.4 mm diameter Flat Bottom Hole is located at 65 mm depth. For the classical focusing technique the signal to noise ratio reaches 13 dB, and the defect is detected only in a very small zone (Figure 7-a) . The time reversal technique allows to detect the defect in a larger zone (1 em') with a high signal to noise ratio. The incoherent summation presents the highest signal to noise ratio: 30 dB. These results confirm the interest of the TRM, specially for the incoherent summation (Figure 7-b) . Indeed, compared to the conventional technique, a very important speckle noise reduction can be achieved with this two time reversal procedures.In classical focusing inspection, the first transmitted wave is identical for all the scanning. All the acoustic energy of the transducer is transmitted in the material, whatever the zone of inspection. If this zone contains a defect or a speckle noise zone it receives the same energy. Moreover as we focus also in reception, this technique is inclided to increase the noise level. On the contrary, with the time reversal process, we automatically focus an the acoustic energy on a sman dimension coherent source only. In the case ofa speckle noise source, the time reversal process generates an unfocussed wave inducing a small acoustic energy on it. As this process focuses all the acoustic energy on defects, the signal to noise ratio increases.
CONCLUSION
The experiments made with the Time Reversal Mirror prototype of 121 elements, with 330 mm radius of curvature and working at 5 MHz, anow to detect sman defects located beneath a complex geometry interface with a high signal to noise. The time reversal process is a self adaptative technique and an the accoustic energy of the system naturany focus on the defect. The wavefront distortions induce by the direct propagation are naturany compensate during the inverse one.
C-SCAN acquisition allows to make an accurate cartography of the sample on which a 0.4 mm diameter FBH at 65 mm depth appears on a large zone and emerges from the microstructure noise. On the contrary of a conventional technique, the time reversal procedure automatically produces a focussed beam matched to the defect shape and doesn't require an exact positionning of the 2-D array above the flaw.
These performances shows the potential of the time reversal process which seems to be the most adapted technique to be used for industrial problems.
